A long-acting mutant form of a naturally occurring bacterial cocaine esterase (T172R/G173Q CocE; double mutant CocE (DM CocE)) has previously been shown to antagonize the reinforcing, convulsant, and lethal effects of cocaine in rodents. However, the effectiveness and therapeutic characteristics of DM CocE in nonhuman primates, in a more clinically relevant context, are unknown. The current studies were aimed at (1) characterizing the cardiovascular effects of cocaine in freely moving rhesus monkeys, (2) evaluating the capacity of DM CocE to ameliorate these cocaine-induced cardiovascular effects when administered 10 min after cocaine, and (3) assessing the immunological responses of monkeys to DM CocE following repeated administration. Intravenous administration of cocaine produced dose-dependent increases in mean arterial pressure (MAP) and heart rate (HR) that persisted throughout the 2-h observation period following a dose of 3.2 mg/kg cocaine. Cocaine failed to produce reliable changes in electrocardiograph (ECG) parameters, body temperature, and locomotor activity. DM CocE produced a rapid and dose-dependent amelioration of the cardiovascular effects, with saline-like MAP measures restored within 5-10 min, and saline-like HR measures restored within 20-40 min of DM CocE administration. Although administration of DM CocE produced increases in anti-CocE antibodies, they did not appear to have a neutralizing effect on the capacity of DM CocE to reverse the cardiovascular effects of cocaine. In conclusion, these findings in monkeys provide strong evidence to suggest that highly efficient cocaine esterases, such as DM CocE, can provide a potential therapeutic option for treatment of acute cocaine intoxication in humans.
INTRODUCTION
Cocaine abuse remains a significant public health problem, with B2700 people trying cocaine for the first time each day, and an estimated 2.1 million current cocaine users in the United States alone (SAMHSA, 2008) . In addition, cocaine-related emergency department (ED) admissions continue to rise, and currently account for B57% of all illicit drug-related ED admissions, with over 550 000 cases during the 2007 calendar year alone (SAMHSA, 2010) . Although cocaine has a variety of physiological and psychological effects, including delirium, anxiety, panic, agitation, convulsion, and hyperthermia (Glauser and Queen, 2007) , the cocaine-associated chest pain, usually occurring within the first hour after cocaine use, is the most commonly reported reason for admission, accounting for B40% of all cocaine-related ED visits (Brody et al, 1990; Mittleman et al, 1999) .
Although similar diagnostic strategies are used to evaluate cocaine-associated chest pain and other acute coronary syndromes, several of the standard therapeutics for acute coronary syndrome (eg, b-adrenergic antagonists and some antiarrythmics) are not only contraindicated, but may cause death (see, eg, Fareed et al, 2007) in patients under the influence of cocaine (McCord et al, 2008) . Thus, intravenous (i.v.) benzodiazepines are typically used to alleviate chest pain and anxiety (McCord et al, 2008) , but they do little to reverse cocaine-induced increases in mean arterial pressure (MAP), and heart rate (HR) (Baumann et al, 2000) . Although the hypertensive and tachycardic effects of cocaine generally subside as the drug is metabolized (see, eg, Evans et al, 1996; Foltin and Fischman, 1991; Javaid et al, 1978) , cocaine has a variety of other direct effects including cardiac damage (eg, myocardial ischemia, left ventricular hypertrophy, and dilated cardiomyopathy; Hollander, 1995; Hollander and Henry, 2006) . Thus, in addition to reducing cocaine-associated chest pain by eliminating the underlying cause for the increases in MAP and HR, therapeutics aimed at accelerating the metabolism of cocaine may have the added benefit of reversing the psychological effects of cocaine, while also reducing cardiac damage and the risk of future heart failure.
In humans, cocaine is primarily metabolized by serum butyrylcholinesterase (BChE), with a half-life (t1/2) of 45-60 min (Mendelson et al, 1999; Perez-Reyes et al, 1994) or longer depending upon the route of administration (Jeffcoat et al, 1989) . To date, several different approaches to enhancing the metabolism of cocaine have been investigated including catalytic antibodies (Baird et al, 2000; Mets et al, 1998) , mutated human BChEs (Brimijoin et al, 2008; Pan et al, 2005) , and bacterial cocaine esterases (CocE; Larsen et al, 2002; Turner et al, 2002) . Although human BChEs and bacterial CocE both metabolize cocaine to the inactive metabolites benzoic acid and ecgonine methyl ester, CocE does so with a catalytic efficiency (Kcat/ Km) B800-fold greater than native BChE Turner et al, 2002) , making it the most efficient natural cocaine-hydrolyzing enzyme identified to date. In rodent models of cocaine toxicity, wild-type (wt) CocE dose dependently protects against cocaine-induced cardiovascular changes, convulsion, and lethality (Cooper et al, 2006; Jutkiewicz et al, 2008; Ko et al, 2007; Wood et al, 2010) . However, wt CocE is rapidly inactivated at body temperature, resulting in an in vivo t1/2 of B15 min. Recent attempts to improve the thermostability of CocE through site-directed mutagenesis have identified an equally efficient mutant (T172R/G173Q) form of CocE (double mutant cocaine esterase (DM CocE)) with a significantly improved in vivo t1/2 (B4.5 h in mice; Gao et al, 2008; Narasimhan et al, 2010) . Indicative of its capacity to rapidly metabolize large amounts of cocaine in vivo, DM CocE has also been shown to dose dependently inhibit both the lethal and reinforcing effects of cocaine in rats (Collins et al, 2009) .
Given that the majority of cocaine-related ED visits are because of the occurrence of cocaine-associated chest pain resulting from increases in MAP and HR, the goal of the current studies was to evaluate the capacity of DM CocE to ameliorate the cardiovascular effects of cocaine in rhesus monkeys. Although previous studies have described the effects of wt and DM CocE in rats and mice, these are the first studies to evaluate the effectiveness of CocE in a larger animal. Interestingly, despite the similarities between rhesus monkeys and humans with respect to their sensitivity to and metabolism of cocaine (Evans and Foltin, 2004; Mello et al, 2002; Mendelson et al, 1999) , relatively little is known about how cocaine affects MAP and HR in rhesus monkeys (Carroll et al, 1990; Matsuzaki et al, 1976 Matsuzaki et al, , 1978 . Thus, the aims of the current studies were to: (1) characterize the cardiovascular (MAP, HR, and electrocardiograph (ECG) parameters) and physiological (body temperature and locomotor activity) effects of i.v. cocaine in freely moving rhesus monkeys, (2) evaluate the capacity of DM CocE to ameliorate the cardiovascular and physiological effects of cocaine, and (3) assess the development of immunological responses following administration of multiple doses of DM CocE.
SUBJECTS AND METHODS

Subjects
Two adult male and two adult female rhesus monkeys (Macaca mulatta) were used. Monkeys were singly housed in standard stainless steel monkey cages in an environmentally controlled room (temperature 21 ± 3 1C, relative humidity 30-70%, and 10-15 air changes per hour). Lighting was set for 12 h light, 12 h dark per 24 h with lights on at 0700 hours. The diet of the monkeys consisted of 20-50 Lab Fiber Plus Monkey Diet Chows (Lab Diet; PMI Nutrition International, LLC, Brentwood, MO), fresh fruit, and free access to water. Daily health checks were performed throughout the experiment to ensure that all monkeys remained healthy. All experimental procedures were approved by the University of Michigan Committee on the Use and Care of Animals and performed in accordance with the Guide for the Care and Use of Laboratory Animals, as adopted and promulgated by the National Institutes of Health.
Surgical Preparation
All monkeys were implanted with radio-telemetric probes (D70-PCT; DSI, St Paul, MN) to allow for the real-time collection of cardiovascular measures, core body temperature, and locomotor activity, as well as an indwelling venous catheter. Before surgery, monkeys were anesthetized with ketamine (10 mg/kg; intramuscular (i.m.)) and placed on a heating pad set to maintain the animal's body temperature at B37 1C. Monkeys were prepared by shaving the hair along the right flank, in the right inguinal area, just above the xiphoid process, and to the right of the right clavicle. All areas were scrubbed with alternating betadine/alcohol swabs. The telemetric probe was placed in a subcutaneous pocket on the right flank, and the attached blood pressure catheter was implanted in the femoral artery to allow for arterial pressure measures. ECG leads were passed subcutaneously to the areas above the xiphoid process and clavicle, and sutured to the muscle. All incisions were closed with 5-0 Ethilon suture, and monkeys were allowed 5-7 days to recover from surgery before implantation of an indwelling catheter in a jugular vein or the left femoral vein. For the second surgery, monkeys were similarly anesthetized and prepared. The vein was exposed and a silastic catheter was inserted and passed toward the heart. The distal end of the catheter was passed subcutaneously to an area between the shoulder blades and exited there. Monkeys were then fitted with mesh Teflon jackets (Lomir, Quebec, Canada) and attached to a flexible steel tether on a swivel to allow for relatively unrestrained movement in the home cage of the animals. Animals were allowed at least 7 days to recover before experimentation. Catheters were flushed daily with 3 ml of saline to ensure catheter patency.
Effects of Cocaine on MAP, ECG, Core Body Temperature, and Locomotor Activity
The cardiovascular effects of i.v. cocaine were evaluated in each of the four rhesus monkeys, with each monkey receiving all five doses of cocaine (0.0, 0.1, 0.32, 1.0, and 3.2 mg/kg; i.v.) administered in random order and separated by at least 7 days to reduce the possibility for the development of tolerance to the cardiovascular effects of cocaine. Each dose of cocaine was followed by a 5 ml saline flush to ensure the entire dose was delivered. Real-time measures of MAP, HR, QRS interval (QRSi), QT interval with Fridericia's correction (QTcf), ST elevation (STe), core body temperature, and locomotor activity were collected at 1 s intervals for at least 45 min before and 120 min after cocaine administration. Monkey M2 experienced a convulsion shortly (B30 s) after receiving the 3.2 mg/kg dose of cocaine, which was reversed with an i.m. injection of 1.0 mg/ kg diazepam. The data for monkey M2 at the 3.2 mg/kg dose of cocaine are incomplete because of the removal of the receiver from the monkey's cage so that the monkey's condition could be monitored, and were therefore excluded from the statistical analyses.
Effects of DM CocE on Cocaine-Induced Changes in MAP, HR, Core Body Temperature, and Locomotor Activity
The capacity of DM CocE to alter cocaine-induced changes in MAP, HR, core body temperature, and locomotor activity was evaluated in each of the four rhesus monkeys. Doses of vehicle (phosphate-buffered saline (PBS)), 0.32, 1.0, or 3.2 mg/kg DM CocE were administered 10 min after the i.v. administration of 3.2 mg/kg cocaine in monkeys F1, F2, and M1, and after the i.v. administration of 1.0 mg/kg cocaine in monkey M2. A saline + PBS condition was also completed for each of the monkeys. No data were obtained from monkey M2 following administration of 1.0 mg/kg DM CocE. This monkey experienced a convulsion following administration of 1.0 mg/kg cocaine during this phase of the study, and although 1.0 mg/kg DM CocE was given to reverse the convulsion (successfully), the receiver was removed from the cage to allow for the monkey's condition to be monitored. In addition to the indicated doses of DM CocE, monkeys F1 and M1 also received smaller doses of the enzyme (0.032 and 0.1 mg/kg; i.v.) 10 min after the administration of 3.2 mg/kg cocaine. The PBS control was always given before evaluation of DM CocE, and the doses of DM CocE used in each phase were administered in random order and separated by at least 7 days. Each dose of cocaine and DM CocE was followed by a 5 ml saline flush to ensure that the entire dose was delivered, and real-time measures of MAP, HR, core body temperature, and locomotor activity were collected at 1-s intervals for at least 45 min before and 120 min after cocaine administration.
Serum Collection
In order to determine if monkeys were developing anti-DM CocE antibodies, serum samples were collected from each of the four monkeys throughout the DM CocE portion of the study. Beginning with the initial cocaine vs PBS condition, 2 ml of blood was collected via the saphenous vein at 1-week intervals. During weeks in which monkeys were tested, serum samples were collected 24 h before the test session. Blood samples were collected without preservatives and stored on ice for 60 min before centrifugation at 4000 r.p.m.
for 5 min at 4 1C. Serum samples were pipetted into 2 ml cryovials and stored at À80 1C until being assayed for antiCocE antibody titer determinations.
Immunological Determination
A direct ELISA specific for anti-CocE antibodies was set up using a standard protocol. CocE was used (1 mg/ml) to coat a 96-well micro-titer plate using borate-buffered saline (1.5 M NaCl, 0.5 M H3BO3, and 1.0 M NaOH) to resuspend CocE (50 ml/well). The coating plates were left overnight at 4 1C. The coating buffer was removed the following morning and the plates blocked with 2% normal goat serum in PBS for 1 h at 37 1C and washed three times. Serum from the various monkeys was serially diluted in 50 ml of PBS in the wells in a range of 102-107 and run in duplicate. The plates were covered and incubated for 1 h at 37 1C. Subsequently, the plates were washed three times and 50 ml/well of goat antimouse IgG peroxidase-labeled antibody diluted 1 : 400 was added. The plates were then washed three times and 100 ml peroxidase substrate solution (orthophenylenediamine (OPD) dissolved citrate/phosphate buffer) was added to each well. After 5-10 min of incubation (based upon color development in the positive controls), the reaction was stopped using 3 M H2SO4 (50 ml/well). The plates were read at 490 nm and titer was determined by the highest dilution that showed increases over background absorbance.
Drugs
Cocaine HCl was obtained from Mallinckrodt (St Louis, MO), and dissolved in 0.9% sterile saline to a concentration of 10.0 mg/ml and administered on a mg/kg basis over 30 s. DM CocE (T172R/G173Q CocE) was prepared, purified, and stored at À80 1C until needed. Endotoxin levels from these preparations were assessed using an end point Limulus Amebocyte Lysate assay (Charles River) as per the manufacturer's specifications. These were o30 EU/ml, resulting in a maximal endotoxin (B2 ng/ml at the 3.2 mg/kg dose of DM CocE) below that what has been systematically evaluated in rhesus monkeys (Willette et al, 2007) . Before administration, DM CocE (5.0 mg/ml) was thawed on ice and administered on a mg/kg basis over a period of 10 s.
Data Analysis
Baseline measures for MAP, HR, QRSi, QTcf, STe, and body temperature (1C) represent the mean ± SEM of the 15 min preceding each infusion, with the exception of locomotor activity, which represents the total locomotor activity observed during the 15-min period. Cardiovascular and physiological parameters were collected for 120 min after each infusion, and the effects of cocaine, or DM CocE, on each of the parameters were reported as the change from baseline for each 5-min block of time (mean of 5-min block-mean of 15 min before infusion). Mean change from baseline for each of the parameters represents the mean ± SEM for either 60 or 120 min following cocaine infusions. The 60-min time frame was used to more clearly depict the dose dependency of the effects of DM CocE. Locomotor activity was summed over 5 min blocks, as well as over the entire 120 min period after cocaine administration. Two-way ANOVA with repeated measures and post hoc Bonferroni tests were used to determine if cocaine produced significant alterations in any of the cardiovascular or physiological parameters for each 5-min bin over the 120-min period following cocaine infusion. One-way ANOVA with post hoc Newman-Keuls tests were used to determine if the cardiovascular or physiological parameters were significantly different from saline during the initial doseresponse determinations, or cocaine + PBS and saline + PBS during sessions in which DM CocE was administered after cocaine.
RESULTS
Effects of Cocaine on MAP, ECG, Core Body Temperature, and Locomotor Activity
The mean baseline measures for the 15 min preceding cocaine or saline infusion are shown in Table 1 . Although each of the baseline parameters were within the expected range for rhesus monkeys, variability was observed both among monkeys and among experimental sessions for individual monkeys for each of the parameters with the exception of core body temperature.
ECG Parameters
Although cocaine had dose-dependent effects on QRSi in each of the four monkeys, these effects differed in onset, duration, magnitude, and direction across monkeys. In addition, large fluctuations in QRSi (B10-15 ms), QTcf (B30 ms), and STe (B0.1 mV) were observed at various times throughout the 120-min session with each of the four monkeys (data not shown), and there were no significant effects of cocaine on QRSi or STe when the data were grouped. Cocaine produced significant decreases in mean change in QTcf across the 120-min session (F(4, 14) ¼ 3.5; po0.05); however, significant changes in QTcf were only observed with a dose of 3.2 mg/kg cocaine (Figure 1 ). There were no effects of time from cocaine administration on the changes in QRSi, QTcf, or STe for the individual or grouped data.
Body Temperature and Locomotor Activity
Similar to the effects of cocaine on ECG parameters, cocaine produced changes in body temperature in each of the four monkeys (these effects differed across monkeys). Although cocaine decreased body temperatures in two monkeys (M1 and F1), increases in body temperatures were observed in the other two monkeys (M2 and F2). With respect to locomotor activity, cocaine produced dose-dependent decreases in three of the four monkeys (F1, F2, and M2); however, large, dose-dependent increases were observed in the fourth monkey (M1). As was observed with the ECG parameters, cocaine failed to significantly alter body temperature or locomotor activity when the data were grouped (Figure 1 ). Figure 2 (left panels), rapid increases in MAP were observed following i.v. cocaine administration, with peak effects observed within the first 5 min of cocaine administration (47.6 ± 6.0 mm Hg at 0.32 mg/kg; 50.5±5.7 mm Hg at 1.0 mg/kg; and 68.2± 8.7 mm Hg at 3.2 mg/kg). Although similar increases in MAP were observed with 0.32 and 1.0 mg/kg cocaine, the duration of the effect was dose dependent, with significant elevations in MAP observed for 15, 45, and 115 min following doses of 0.32, 1.0, and 3.2 mg/kg cocaine, respectively. Moreover, cocaine also produced a dose-dependent increase in the mean change in MAP over the entire 120-min observation period (F(4,14) ¼ 22.5; po0.001), with doses of 1.0 and 3.2 mg/kg cocaine resulting in significant elevations in MAP when compared with saline.
MAP
HR
Similar to the effects of cocaine on MAP, dose-dependent increase in HR were observed in each of the four monkeys (M1: F(4, 92) ¼ 92.2; po0.001; F1: F(4, 92) ¼ 40.7; po0.001; M2: F(3, 69) ¼ 178.6; po0.001; and F2: F(4, 92] ¼ 43.8; po0.001) as well as the grouped data (F(4, 322) ¼ 6.7; po0.01); however, there was no effect of time. As shown in Figure 2 (right panels), when compared with the rapid onset of the MAP effects, the cocaine-induced increases in HR were slightly delayed, with peak increases in HR typically observed within the first 10-20 min after cocaine administration. In addition, unlike the increases in MAP that tended to subside gradually over the 120-min session, the increases in HR were more persistent. However, transitory increases and/or decreases in HR of B15-35 beats per min (b.p.m.) were occasionally observed in each of the four monkeys regardless of the dosing condition (data not shown). Nevertheless, when the data were grouped, cocaine produced a dose-dependent increase (F(4, 14) ¼ 6.7; po0.01) in the mean change in HR over the 120-min observation period, with a dose of 3.2 mg/kg cocaine resulting in mean change in HR measures that were significantly greater than saline (po0.01).
Effects of DM CocE on Cocaine-Induced Increases in MAP
The second phase of the study was performed identically to the initial dose-response determinations, with the exception that cocaine infusions (3.2 mg/kg for M1, F1, and F2, and 1.0 mg/kg for M2) were followed 10 min later by an i. Figure 3 (left panels) for a representative monkey (F1). Although doses of 0.1-3.2 mg/kg DM CocE effectively returned MAP to baseline-like levels, this effect was generally observed sooner following administration of the larger doses (eg, B15 min with doses of 1.0 and 3.2 mg/kg DM CocE, and B25 min with doses of 0.1 and 0.32 mg/kg in monkey F1). A similar dose dependency was observed with respect to the mean change in MAP over the first 60-min period, with a significant reduction in the mean change in MAP over the first 60-min period observed with lower dose of DM CocE, and saline-like MAP measures observed when 3.2 mg/kg cocaine was followed by either 1.0 or 3.2 mg/kg DM CocE. The data for monkey M2 were excluded from the 3.2 mg/kg cocaine condition because of convulsion. *po0.05; **po0.01; ***po0.001. Significance points represent times at which MAP or HR measures were significantly greater than saline as determined by two-way ANOVA, repeated measures with post hoc Bonferroni tests. Dose-response curves for the effects of cocaine on MAP (bottom left panel) and HR (bottom right panel) represent the grouped mean ± SEM change from baseline for MAP and HR over the 120-min period after cocaine administration. The effects of saline, 0.1, 0.32, and 1.0 mg/kg cocaine represent the mean ± SEM change in MAP and HR for four monkeys, whereas the effects of 3.2 mg/kg cocaine represent the mean ± SEM for three monkeys. **po0.01; ***po0.001. Significant difference from the saline condition as determined by one-way ANOVA with post hoc Newman-Keuls tests.
The effects of DM CocE on the cocaine-induced increases in MAP were also dose and time dependent when the data were grouped across the three monkeys that received the 3.2 mg/kg dose of cocaine (dose: F(5, 220) ¼ 51.0; po0.001; time: F(21, 220] ¼ 8.1; po0.001). As shown in Figure 4 (left panels), MAP was elevated throughout the 120-min session when administration of 3.2 mg/kg cocaine was followed by administration of PBS. However, these increases in MAP were significantly greater than saline only during the first 50 min after cocaine administration. When given 10 min after 3.2 mg/ kg cocaine, DM CocE (0.32-3.2 mg/kg) produced a rapid amelioration of cocaine's effects, resulting in MAP measures that were not statistically different from saline within 5-10 min, and baseline-like MAP levels within the first 20-30 min following DM CocE administration. Once lowered, MAP remained at near baseline levels throughout the remainder of the 120-min observation period. DM CocE also produced a dose-dependent (F(5, 10) ¼ 235.1; po0.05) decrease in mean change in MAP over the entire 120-min session, with significant decreases in MAP observed following administration of doses of 0.32, 1.0, and 3.2 mg/kg DM CocE (Figure 4 ; bottom left panel). Although doses of 0.032 and 0.1 mg/kg DM CocE also decreased the elevations in MAP produced by 3.2 mg/kg cocaine, these data were excluded from statistical analyses because of the fact that only two monkeys completed these dosing conditions.
Effects of DM CocE on Cocaine-Induced Increases in HR
The HR-increasing effects of i.v. cocaine (3.2 mg/kg for M1, F1, and F2, and 1.0 mg/kg for M2) were more variable than the effects of cocaine on MAP (Table 2 ). The mean change in HR during the cocaine + PBS condition was no different from that observed during the initial cocaine dose-response determination (p ¼ 0.72). When administered 10 min after cocaine, DM CocE dose dependently altered the effects of cocaine on HR over the remainder of the session in each of the four monkeys (F1: F(5, 105) ¼ 18.6; po0.001; F2: F(3, 63) ¼ 11.5; po0.001; M1: F(5, 105) ¼ 49.7; po0.001; M2: F(2, 42) ¼ 66.9; po0.001). However, unlike the effects of DM CocE on MAP that clearly shortened the duration of cocaine's effects, time-dependent changes were only observed in monkey F1 (F(21, 105) ¼ 4.2; po0.001). Similar to the effects of DM CocE on MAP, HR measures generally returned to baseline-like levels following the administration of DM CocE at doses of 0.32-3.2 mg/kg; however, this effect was generally observed sooner following administration of larger doses. For instance, doses of DM CocE ranging from 0.1 to 1.0 mg/kg returned HR to near baseline levels in monkey F1 within 40 min, whereas a similar return to baseline measures of HR was observed 25 min after a dose of 3.2 mg/kg DM CocE (Figure 3 ; right panels). Despite the variability in the HR responses to cocaine across monkeys, DM CocE produced a significant dose-dependent amelioration (F(5, 220) ¼ 18.7; po0.001) of cocaine-induced increases in HR when the data were grouped (Figure 4 ; right panels). Similar to the effects of DM CocE on cocaineinduced changes in MAP, DM CocE decreased the mean change in HR over the 120-min session. Although treatment with DM CocE (0.32-3.2 mg/kg) resulted in saline-like HR responses for at least the last 60-80 min of the session in each of the four monkeys, there was no significant effect of DM CocE on the mean change in HR over the entire 120-min session when the data were grouped (Figure 4 ; bottom right panel).
Effects of DM CocE on Cocaine-Induced Changes in Locomotor Activity and Core Body Temperature
Similar to the effects observed during the initial doseresponse determination, an initial suppression of locomotor activity was observed in each of the monkeys when 3.2 mg/ kg cocaine was followed by administration of PBS. In two of these monkeys (M1 and F1), however, the initial suppression was followed by an increase in locomotor activity during the second 60 min. Administration of DM CocE resulted in a significant reversal of the suppressive effects of 3.2 mg/kg cocaine (dose: F1: F(5, 105) ¼ 9.9; po0.001; F2: F(3, 63) ¼ 4.4; po0.01; M1: F(5, 105) ¼ 9.8; po0.001; time: M1: F(21, 105) ¼ 2.4; po0.01), with locomotor activity returning to saline-like levels within the first 5 min of DM CocE (data not shown). Although similar effects were observed when these data were grouped (dose: F(5, 220) ¼ 6.0; po0.001; time: F(21, 220) ¼ 1.7; po0.05), there was no significant effect of dose when the locomotor activity counts were summed across the entire 120-min session (data not shown).
With respect to core body temperature, DM CocE produced dose-dependent changes in three of the four Effects of DM CocE (0.32, 1.0, and 3.2 mg/kg; i.v.) on the cocaine-induced changes in mean arterial pressure (MAP; left panels) and heart rate (HR; right panels) when administered 10 min after a dose of 3.2 mg/kg i.v. cocaine. Data points represent the mean ± SEM (n ¼ 3) change from baseline for MAP or HR over successive 5-min blocks of time, and are compared with the effects observed during sessions in which either saline or 3.2 mg/kg cocaine were followed by PBS. *po0.05; **po0.01; ***po0.001; + po0.05; ++ po0.01; +++ po0.001. Significant difference from saline + PBS condition for the 3.2 cocaine + PBS (*) or 3.2 cocaine + DM CocE ( + ) conditions as determined by repeated measures, two-way ANOVA with post hoc Bonferroni tests. Dose-response curves for the effects of DM CocE on the mean change in MAP and HR obtained during the 120-min period following cocaine administration. Filled symbols represent conditions in which three monkeys were evaluated, whereas open symbols represent conditions that were excluded from statistical comparisons because of small sample size (n ¼ 2; M1 and F1). Horizontal lines represent the mean (solid) ± SEM (dashed) change in MAP or HR obtained during the saline condition for the three monkeys. *po0.05; ++ po0.01. Significant difference from saline + PBS ( + ) or the 3.2 mg/kg cocaine + PBS (*) condition as determined by a one-way ANOVA with post hoc Newman-Keuls tests. monkeys, with a reduction of cocaine-induced hyperthermia observed in M1 and M2 (M1: F(5, 105) ¼ 13.2; po0.001; M2: F(2, 42) ¼ 101.1; po0.01), and a reversal of the hypothermic effects of cocaine observed in F1 (F(5, 105) ¼ 24.7; po0.001). There were no significant effects of DM CocE in the fourth monkey (F2). Although there was a significant main effect of DM CocE when the core body temperature data were compared across 5-min bins (F(5, 220) ¼ 5.2; po0.001), there was no significant effect of DM CocE on the mean change in core body temperature over the entire 120-min session (data not shown).
Immune Responses
As shown in Figure 5 , transient increases in anti-CocE antibody titers were observed in each of the four monkeys. Although B10-fold increases in anti-CocE titer levels were observed in monkeys F2, M1, and M2 after the first or second injection, a similar increase in titer was not observed until 2 weeks after the third injection in monkey F1. Similar differences were also observed with regard to the subsequent decreases in anti-CocE antibodies, as baseline levels were observed by weeks 10 and 11 for monkeys M1 and M2, but not until week 15 for monkeys F1 and F2. Moreover, although anti-CocE titers were generally not 410-fold in nature, monkey F2 displayed larger increases in anti-CocE titer (B100-fold) that persisted for several weeks following the third dose of DM CocE, whereas similar increases were only occasionally observed in monkeys F1 and M1, but never in monkey M2.
DISCUSSION
The main findings of the present studies were threefold. First, i.v. cocaine administration produced a reliable, dosedependent increase in MAP and HR in each of the four rhesus monkeys. Second, DM CocE dose dependently and rapidly ameliorated the cardiovascular effects of cocaine when it was administered 10 min after cocaine. Third, although increases in anti-CocE antibody titers were observed in each of the monkeys, these anti-CocE antibodies did not appear to have a neutralizing effect, as DM CocE effectively reduced the cardiovascular effects of cocaine even when titers were elevated. When taken together, these findings suggest that DM CocE is capable of rapidly reversing the cocaine-induced elevations in MAP and HR, and strongly support the notion that highly efficient cocaine-hydrolyzing enzymes, such as DM CocE, may provide a valuable therapeutic option for the treatment of acute cocaine toxicity in humans.
Although patients with acute cocaine toxicity can present with a variety of symptoms, the most commonly reported reason for ED admission is cocaine-associated chest pain resulting from the cardiovascular effects of cocaine that typically occur within the first hour after use. In humans, the cardiovascular effects of cocaine are closely linked to circulating cocaine levels insofar as increases in MAP and HR appear shortly after use, and dissipate as cocaine is metabolized (see, eg, Evans et al, 1996; Foltin and Fischman, 1991; Javaid et al, 1978) . Similar increases in MAP and HR have been observed with cocaine in a variety of species, including rats (see, eg, Tella et al, 1991b , 1992 ), dogs (see, eg, Wilkerson, 1988 , and squirrel monkeys (see, eg, Tella et al, 1990 Tella et al, , 1991a . However, unlike what is observed in humans, the cardiovascular effects of cocaine in dogs and rats are much shorter lived than the plasma cocaine levels. Curiously, despite their widespread use in drug abuse research, relatively little is known about the cardiovascular effects of cocaine in rhesus monkeys. Matsuzaki et al (1976 Matsuzaki et al ( , 1978 have reported peak increases in HR of B50-80% following an i.v. dose of 4.0 mg/kg cocaine in chaired monkeys, and similar increases in HR combined with modest increases in blood pressure (B10-20%) have also been reported in one rhesus monkey trained to smoke cocaine (0.5-3.0 mg/kg) in a multiple trials procedure (Carroll et al, 1990) .
The current studies are the first to provide a detailed description of the cardiovascular effects of cocaine in rhesus monkeys, with reliable, dose-dependent increases in MAP and HR observed following i.v. doses of 0.32-3.2 mg/kg cocaine. Unlike the transient increases in MAP and HR that have been described in rats and dogs (Tella et al, 1991b; Wilkerson, 1988) , the cardiovascular effects of cocaine in rhesus monkeys were long lived, with significant increases in MAP observed for 15, 45, and 115 min following administration of doses of 0.32, 1.0, and 3.2 mg/kg cocaine, respectively. Although there was slightly more variability with regard to the HR stimulating effects of cocaine, persistent increases in HR were observed throughout the 120-min observation period following an i.v. dose of 3.2 mg/ kg cocaine. Importantly, these cardiovascular changes were not only of a duration similar to those observed in squirrel monkeys and humans (see, eg, Javaid et al, 1978; Tella et al, 1990), but the peak increases in MAP and HR produced by the 1.0 mg/kg dose of cocaine were also similar to those reported in humans with doses (32 mg i.v. or 50 mg smoked) that produce equivalent plasma cocaine levels of B300 ng/ml (see, eg, Evans et al, 1996; Evans and Foltin, 2004; Foltin and Fischman, 1991; Haney et al, 2010; Javaid et al, 1978; Mello et al, 2002) . This suggests that rhesus monkeys and humans have similar sensitivities to the cardiovascular effects of cocaine.
Although a clear correspondence between cocaine blood levels and acute cocaine toxicity has been difficult to establish, a study of 112 cocaine-related ED patients reported an average cocaine blood level of 260±500 ng/ml at B2 h after admission (Blaho et al, 2000) , suggesting that blood levels may have approached 1000 ng/ml at the time of admission. Similarly, high cocaine levels are commonly reported in post mortem overdose fatality studies (Finkle and McCloskey, 1978; Karch et al, 1998; Koehler et al, 2005) . Thus, therapeutics aimed at alleviating acute cocaine toxicity in humans by pharmacokinetic mechanisms (metabolism or sequestration of cocaine) should be able to rapidly reduce the physiological and/or behavioral effects associated with cocaine concentrations of B1000 ng/ml. Although the current study focused on reversing the cardiovascular effects of cocaine, and not the clearance of cocaine from the blood, the similarities between the pharmacokinetic properties of cocaine in rhesus monkeys and humans (see, eg, Foltin and Fischman, 1991; Javaid et al, 1978; Mello et al, 2002; Mendelson et al, 1999) suggest that an i.v. dose of 3.2 mg/kg cocaine in the rhesus monkey should produce blood levels of cocaine that approximate those that might be expected at the time of ED admission.
Similar to the effects of cocaine during the initial doseresponse determination, MAP and HR were elevated throughout the 120-min session when administration of 3.2 mg/kg i.v. cocaine was followed by administration of PBS. Administration of DM CocE resulted in a dose-and time-dependent amelioration of the hypertensive and tachycardic effects of cocaine, with saline-like measures of MAP and HR observed within the first 5-10 min and 20-40 min after administration of doses of 0.32-3.2 mg/kg DM CocE, respectively. Moreover, the hypertensive effects of cocaine were completely eliminated within the first 20-30 min following DM CocE administration, after which MAP remained at baseline-like levels for the remainder of the session. That the reversal of the cocaine-induced increases in HR were delayed was not surprising given that the tachycardic effects of cocaine in squirrel monkeys appeared to have a prolonged duration when compared with cocaine-induced increases in MAP (see, eg, Tella et al, 1990) , suggesting that the hypertensive effects may be more closely tied to circulating levels of cocaine. DM CocE was equally effective at reversing the increases in MAP and HR produced by 1.0 mg/kg cocaine. Interestingly, unlike the development of tolerance to the convulsant effects of cocaine described by Matsuzaki et al (1976) , monkey M2 became increasingly sensitive to the convulsant effects of cocaine over the course of the study, and had to be removed before a full range of doses could be evaluated.
Although Matsuzaki et al (1976) also described a rapid development of tolerance to the tachycardic effects of daily doses of 4.0 mg/kg i.v. cocaine in rhesus monkeys, the mean change in MAP and HR observed during the first 10 min (in the absence of DM CocE) of repeated testing with cocaine and DM CocE was no different from that what was observed during the initial dose-response determinations, suggesting that separating dosing conditions by at least 7 days was sufficient to reduce the development of tolerance for the group as a whole. However, it should be noted that one of the monkeys (F2) appeared to develop a slight tolerance to the cardiovascular effects of 3.2 mg/kg cocaine following the initial exposure, with a decreased HR response, and a slightly shorter MAP response to 3.2 mg/kg cocaine during the DM CocE dosing conditions. Curiously, this monkey also displayed the greatest peak increase in MAP following administration of 3.2 mg/kg cocaine, suggesting that the reduced HR response may have been because of the baroreceptor reflex that provides a negative feedback mechanism to reduce MAP by decreasing HR, rather than tolerance to the cardiovascular effects of cocaine. Nevertheless, that cocaine produced reliable increases in MAP before DM CocE administration throughout the study indicates that the rapid decreases in MAP and HR observed after DM CocE administration can be attributed to the metabolism of cocaine by DM CocE.
The finding that DM CocE is capable of ameliorating the cardiovascular effects of large doses of cocaine in rhesus monkeys is in agreement with a previous study of wt CocE in rats, and provides further support for the use of cocainehydrolyzing enzymes to treat acute cocaine toxicity. In rats, wt CocE was shown to prevent and reverse not only the increases in MAP and decreases in HR, but also the ECG changes and increases in cardiac troponin I when administered 1 min before or after a LD100 dose of cocaine (180.0 mg/kg; intraperitoneal (i.p.)), as well as 1 min after the onset of convulsion (Wood et al, 2010) . Importantly, these authors also showed that although the benzodiazepine midazolam was capable of significantly reducing the occurrence of convulsion, midazolam did not affect the cardiovascular changes, accumulation of cardiac troponin I, or lethality when administered 1 min after a LD100 dose of cocaine. Interestingly, although cocaine-specific antibodies and cocaine-hydrolyzing enzymes, such as DM CocE, are both capable of reducing the self-administration of cocaine in laboratory animals (Carrera et al, 2000; Collins et al, 2009; Fox et al, 1996) , CocE appears to have distinct advantages with respect to cocaine toxicity. For instance, despite a significant reduction in the subjective ratings of 'good drug effect', and 'cocaine quality', Haney et al (2010) recently reported significant increases in the peak HR response to smoked cocaine in human patients with high anti-cocaine antibody titers, an effect that is likely because of the increased plasma cocaine levels resulting from the antibody sequestration of cocaine within the periphery. Thus, in addition to providing distinct advantages over benzodiazepines for the treatment of the cardiovascular complications of cocaine, cocaine-hydrolyzing enzymes, such as DM CocE, would also appear to provide an added margin of safety should a suitable, longer acting candidate be developed as a pharmacotherapy for cocaine abuse.
However, CocE is a bacterial protein, and previous studies with the wt form of CocE have reported B10-100-fold increases in anti-CocE antibody titers following repeated exposure in mice (Ko et al, 2007 ). Although these increases in anti-CocE antibodies did result in a reduction of the protective effects of wt CocE against a LD100 dose of cocaine in mice, it is important to note that these neutralizing effects were overcome by increasing doses of wt CocE. Although the current studies were not designed to investigate systematically the immunogenic effects of DM CocE, a similar B10-100-fold increase in anti-CocE titers was observed following the repeated administration of DM CocE in rhesus monkeys. These increases in anti-CocE titer, however, did not appear to alter significantly the capacity of DM CocE to reduce the cardiovascular effects of cocaine, although it is unclear if the lower doses (0.032 and 0.1 mg/ kg) of DM CocE would have been more effective in monkeys F1 and M1 had they been tested before the development of anti-CocE antibodies. Further studies are needed to more fully evaluate the interactions between the immunogenic effects of DM CocE and the capacity of DM CocE to eliminate the effects of cocaine in rhesus monkeys.
In summary, these studies are the first to provide a detailed dose-response analysis of the cardiovascular effects of cocaine in the rhesus monkey, and importantly, they are the first to document the effectiveness of a longer-acting CocE mutant in ameliorating the cardiovascular effects of cocaine in primates. Following i.v. administration, cocaine produced dose-dependent increases in MAP and HR that were of a magnitude and duration similar to that what is observed in humans, with significant increases in MAP observed for up to 115 min after an i.v. dose of 3.2 mg/kg cocaine. Treatment with DM CocE 10 min after cocaine administration resulted in a dose-dependent and rapid amelioration of the cocaine-induced increases in MAP and HR in rhesus monkeys, with MAP returning to baseline levels within 5-10 min after the administration of DM CocE at doses as low as 0.32 mg/kg. A similar dose-dependent reversal of cocaine-induced increases in HR was also observed, and once reduced, MAP and HR measures remained at baseline-like levels for the duration of the observation period. In conclusion, the results of these studies provide strong support for the notion that therapeutics that accelerate the metabolism of cocaine would effectively reduce the cardiovascular and behavioral effects of cocaine, and that DM CocE could provide a powerful therapeutic option for treatment of acute cocaine intoxication.
